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Quinn and White (1987) provided the first example of a Numt in birds, demonstrating through DNA hybridization experiments that sequences homologous to mitochondrial genes occur in the nuclear genome of Snow Geese (Anser caerulescens). In addition, Quinn (1992) found that blood and tissue samples from Snow Geese yielded control-region sequences falling into two divergent groups. Because blood had been collected from one population and liver tissue from another, the mistaken conclusion that these populations were differentiated in their mtDNAs might have been made. Careful evaluation, however, revealed faint shadow bands (representing the mtDNA copy) in sequences from blood and led to the design of specific primers that allowed independent amplification of either the mitochondrial or Numt sequence.
Arctander (1995) and Sorenson and Fleischer (1996) also amplified nuclear sequences from avian blood samples, but in these cases mitochondrial and nuclear copies were approximately equally represented in the PCR product, resulting in sequences with ambiguities wherever the two copies differed. Interestingly, the pattern of phylogenetic relationships among Numts and mtDNAs differed greatly in these two studies. Arctander found that Numt cytochrome-b sequences from several tapaculos (Scytalopus spp. and Myornis senilis) were more closely related to each other than to any of the mtDNA sequences of these species, suggesting a single ancient transposition event in their common ancestor. In To explore this problem further, we sequenced six other whistling-ducks and the White-backed Duck (Thalassornis leuconotus; sequences deposited in Genbank, accession numbers U97731 to U97739), using primers L6615 and H7032 or H7338 (5'-CCGAA-GAATCAGAAKARRTGTTG-3', degenerate sites as follows: K = G or T, R = A or G). None of these sequences had unusual amino-acid substitutions. The sequence we initially obtained for D. arcuata is not the result of contamination from, for example, a bacterial or invertebrate source. Phylogenetically, it is a whistling-duck COl sequence, closer to several pri- We find this example significant because we initially obtained a single unambiguous sequence with DNA extracted from muscle tissue, presumably with a ratio of mitochondrial to nuclear genome copies of 1,000s to 1 (Robin and Wong 1988). Had our intent been to infer the phylogeny of Dendrocygna based on this single 416-bp fragment, the unusual amino-acid sequence would have been the only indication of a problem. Although quite divergent from D. arcuata mtDNA, this apparent Numt has sustained no mutations introducing stop codohs or reading frame shifts. In phylogenetic analysis, substituting the D.
arcuata Numt for its mtDNA sequence leads to a very different conclusion about the relationships of this species (Fig. 1) .
Based on our experiences with Numts in birds and published observations, we make the following comments and practical suggestions for dealing with this phenomenon. Similar but less detailed recommendations were made by Zhang and Hewitt (1996) and Quinn (1997 1995, Sorenson and Fleischer 1996), they diverge less from the ancestral sequence and may be more similar to the sequences of related taxa. As a result, primers based on sequences from species other than the study taxa and so-called "universal" primers may be particularly prone to amplification of Numts. In addition, primers designed to accommodate a number of taxa by using a consensus rule to determine the nucleotide at each position will tend to approximate ancestral sequences and as such may favor Numts.
One solution is to use primers targeted to highly conserved sequences that vary little (or not at all) among all birds, such as conserved blocks in the 12S and 16S rRNA genes and the anticodon stem and loop of some tRNA genes. For protein-coding genes, however, few 20-to 25-base stretches of highly conserved sequence exist, because most 3rd positions are free to vary. In contrast to Zhang and Hewitt (1996), we suggest that primers incorporating degenerate sites will more consistently amplify mtDNA from tissue samples. Primers with degenerate sites that accommodate alternative nucleotides at 3rd positions will be less likely to preferentially amplify one sequence over another, allowing the usually high ratio of mitochondrial to nuclear copies rather than asymmetry in primer matching to determine the PCR product. This assumes that variable sites in taxa already sequenced will predict the likely variation in additional species, an assumption that is probably reasonable for 3rd positions in a region coding a conserved sequence of amino acids, for example. See ) and near additional differences. This approach will be more cost effective than cloning for studies of intraspecific variation. Third, the two copies can be separated by digesting either the genomic DNA prior to PCR or PCR product with a restriction enzyme that cuts only one of the copies between the PCR primers. Choice of an enzyme is based on ambiguous positions in initial sequencing. The digested PCR product is run out on an agarose gel to separate the fragments, which can then be excised, purified, and sequenced (e.g. Sorenson and Fleischer 1996). Although very effective, this technique is limited by the locations of differences between the two copies. Once two clean sequences are obtained, identifying them, respectively, as Numt and mtDNA may be based on a number of potential criteria discussed above. Alternatively, the expressed mtDNA copy can be obtained using reverse-transcription of mRNA followed by PCR amplification of the resulting cDNA (Collura et al. 1996). This approach is powerful in that it automatically identifies the functional mitochondrial copy, but it is limited to primer pairs within a single gene. The relative instability of mRNAs also may limit the samples to which this technique is applied.
To the extent that Numts provide a historical record of ancestral mtDNA sequences, they also provide opportunities for phylogenetic analyses. Numts may be ideal outgroups for extant mtDNA haplotypes (Quinn  1992, Zischler et al. 1995) , their presence or absence among species can provide evidence of relationships (e.g. Sorenson and Fleischer 1996), and they provide a means to compare mechanisms and rates of molecular evolution between the mitochondrial and nuclear genomes (Sorenson and Fleischer 1996, Zhang and Hewitt 1996). For these reasons, researchers may want to discover Numt sequences intentionally.
A more direct but technically demanding way to detect Numts is to use purified mitochondrial DNA as a probe against DNA isolated on a Southern blot. McNamara and Houston (1986) modeled vigilance behavior in diurnal animals as a function of energy reserves and time of day. They predicted that vigilance rate should be low in the morning, a time when animals replenish fat stores lost during the nocturnal fasting period. Vigilance also was predicted to be low late in the day as animals accumulated energy reserves for the following night. In contrast, the reduced demand for energy gain around midday was predicted to allow a heightened vigilance rate. We are aware of no empirical tests of these predictions. In the present study, we examined the relationships among vigilance rate, energy reserves (body mass), and time of day in Tufted Titmice (Baeolophus bicolor).
We also examined the effects of ambient temperature because vigilance has been shown to be positively Methods.--We studied vigilance in six male Tufted Titmice during the winter of 1994-95. The birds were caught at different locations in central Ohio and observed in isolation for eight days in an outdoor aviary 3 x 8 x 2 m high. During that period, food (unshelled sunflower seeds) and water were provided ad libitum. The aviary was open to the sky (except for wire netting) but was walled by translucent fiberglass panels that isolated the birds visually and maintained wind speeds within the aviary at or near zero. One end of the aviary was roofed by a translucent fiberglass panel 30 cm wide that protected a "recording" perch and feeder from rain and snow.
We observed the titmice from an observation chamber attached to one end of the aviary. Observations occurred under prevailing photoperiods, and ambient temperatures were recorded and stored every 30 rain in a computer housed in an attached observation chamber (Weather Wizard III and Weatherlink software; Davis Instruments). An electronic balance inside the observation chamber was connected through a one-way glass wall to a perch used by the birds frequently during the day and for roosting at night. Readings from the balance were recorded to the nearest 0.01 g and stored in another computer, also housed in the observation chamber.
To evaluate a bird's vigilance, we divided each day into four 2-h blocks from 0900 to 1700 EST. During each block, we randomly selected one 30-rain period during which we observed vigilance. We obtained a
